D
evelopment of 3D hierarchical superstructures (architectures) from interconnected nanoscale building blocks is intriguing for the successful practical use of nanomaterials. Keeping the properties of the individual nanoblocks while constructing macroscopic structures from them still remains a challenge. 1 For example, the macroscopic structures lose scalable properties due to irreversible aggregation or restacking of individual "nanoblocks" during bottomup processes. Though incorporation of spacers or surfactants can prevent aggregation, 2,3 use of them is limited for the development of ultralow density 3D structures. The covalent linkage between individual building blocks is yet another major challenge in their fabrication. Though challenging, the covalent linkage can bring superior properties to such structures and allow the engineering of these structures to functional solids. 4À6 Recently, some attempts have been made to develop 3D graphitic solid structures such as carbon nanotube solids. 7À12 The junction chemistry in these structures is fundamentally interesting, and covalent junctions are highly desirable for making stable superstructures. 12 Graphene oxide (GO) can be extracted through the exfoliation of graphite and contains chemical functional groups on graphene basal planes. 13À18 Promising applications of this in-plane hybrid material containing sp 2 Àsp 3 carbons have been demonstrated. 16À19 Three-dimensional scaffolds from GO have been attempted recently, some of them being hydrogels, 20, 21 while others are self-assembled films/aerogels.
22À24
Most of these GO-based solids are obtained through physical interactions of GO building blocks, relying on weak forces such as van der Waals interactions. Several of these process are based on the self-assembly of highly stable GO suspensions during lyophilization with further addition of polymers or other organics to make it mechanically more stable. Very few works have reported 25, 26 the chemical cross-linking of GO followed by its reduction to form graphene. However, the resulting structures failed to keep a welldefined 3D morphology, and large-scale synthesis of these materials was challenging.
Recently, reports also demonstrate hydrogels prepared from macroscopic GO self-assembly with DNA. 27 Here, we report a unique approach to make crosslinked 3D networked GO solids, hereafter called poly-GO. The name has been chosen from the uncanny resemblance of GO sheets with conventional polymer monomer and the cross-linked GO structures considered to be the result of polymerization of individual GO sheets. The interaction of hydroxyl groups in GO with glutaraldehyde (GAD) and polycondensation of GAD and resorcinol (Res) has already been used to make these aerosol-type stable structures. Further, the same method has been adopted to make a cross-linked structure of another material called fluorinated GO (F-GO) (poly-FGO). Controlled reduction of poly-GO will result in the conductive, reduced forms of poly-GO (poly-RGO) while keeping the macroscopic 3D morphology and nanostructure. In addition, to demonstrate the superior properties of these 3D structures for gas storage applications, high pressure CO 2 adsorption studies have been performed on poly-GO samples.
RESULTS AND DISCUSSION
Structural Evolution of Poly-GO from GO. The structural evolution of 3D poly-GO from two-dimensional GO (Figure 2A,B) sheets is shown in Figure 1 . Details of the process are given in the Methods section. GO contains various functional groups, 2 particularly the edges are rich with hydroxyl groups (ÀOH). Glutaraldehyde (GAD) contains two aldehyde groups that can interact with ÀOH to form hemiacetal structures ( Figure 1A , right). Hence, a small amount of GAD at room temperature with magnetic stirring for a few hours can functionalize GO with GAD and can bind two adjacent GO sheets, as shown in Figure 1A . A large number of interconnected structures in water can be formed via this with aging (gelation), and removing water from this gelated sample will result in a highly porous interconnected structure ( Figure 2C ) (further details on the synthesis and microscopic structures are provided in Supporting Information Figure S1 and S2).
Variously shaped macrostructures of poly-GO can be molded using various simple cavities ( Figure S2 Supporting Information). A proposed mechanism for the formation of Res-GAD gel is shown in Figure S3 (Supporting Information). The mechanical stability of this structure is further enhanced with the addition of resorcinol (Res) during ARTICLE GAD addition and initiating Res-GAD sol formation and later the amorphous gelation. A previous report suggests that an ultralow amount of gelating materials can form the gelation only at the edges of GO planes. 25 This can be true due to the large amount of functional groups at the edge of GO than in the plane. This has been validated by high-resolution transmission electron microscopy (HR-TEM), shown in Figure 2F . The HR-TEM image shows crystalline graphitic regions connected with an amorphous region, where the amorphous region represents the cross-linking (additional TEM, HR-TEM, and selected area electron diffraction data are provided in the Supporting Information). The same process for FGO results in similar macroscopic structure with a slightly different morphology, as shown in Figure 2E (additional FE SEM image is provided in the Supporting Information). As we proposed in our previous reports, 17, 28 FGO has more oxygen functionalities at the edges and CÀF bonds in the plane. This can result in cross-linking via the edges than plane, giving rise to large interconnected sheets with a smaller number of interplanar cross-linking. Hence, slight difference in the structures of poly-GO and poly-FGO may be due to the subtle difference in the surface chemistry of both GO samples. Poly-GO and poly-FGO retain all the functional groups of pristine GO powder as shown in the FTIR spectra ( Figure 3A) , 2, 28, 29 additionally showing an FTIR peak at 2900 cm À1 corresponding to the ÀCH stretching mode of the hemiacetal group. This provides another confirmation for crosslinking via GAD. All additional particulars of functional groups are reported in our previous work. 28, 29 Thermogravimetric analysis (TGA) of poly-GO in air atmosphere ( Figure S4 , Supporting Information) resembles that of GO. Moreover, only a small mass fraction has been disintegrated between 200 and 400°C, indicating that the amount of the amorphous Res and GAD gel (which disintegrates mainly in this temperature window) is very small compared to GO. 30 The BET isotherm ( Figure S5A ,B, Supporting Information) appears to be categorized as a type IV isotherm associated with capillary condensation in mesopores before filling its majority macropore volume at higher relative pressures indicated by the steep slope as P/P 0 = 1. The hysteresis loop seems to be type B associated with slit-shaped pores, which makes sense due to the flakelike structure of GO. Low-and high-resolution TEM images showing the porosity in the interconnected GO sheets are shown in Supporting Information, Figure S6 . Poly-GO has an average surface area of ∼700 m 2 /g, and it has a broad range of meso-and macroporous distribution, identified from the cumulative pore distribution histogram ( Figure S5C , Supporting Information).
The bulk density of a perfectly shaped poly-GO sponge is evaluated as 0.02 g/cm 3 (∼100 times less than that of graphite). However, the skeletal density of poly-GO measured by helium pycnometry is found to be ∼0.8 g/cm 3 . This large discrepancy in the density values is attributed to the large number of available macroscopic voids in the sample. Poly-FGO has a slightly smaller surface area of ∼470 m 2 /g, with a similar BET isotherm like poly-GO ( Figure S5D , Supporting Information).
The contact angle studies on a flat surface of poly-GO show superhydrophilic nature, immediately wetting the samples right after dropping the water on the specimen surface ( Figure 3B ). The porous section on the surface is shown on the right. The poly-GO sample is subjected to controlled reduction at 50°C in hydrazine monohydrate atmosphere in a vacuum oven for 12 h. The SEM image of poly-RGO ( Figure 4A ) clearly shows that the resultant microstructure retains the 3D connectivity. Contact angle remains above 100°even ARTICLE after 5 min of water dropping, indicating the hydrophobic nature of the poly-RGO. Hydrophobic nature from these porous structures shows that the reduction has happened not just on the surface but also in the interior. Moreover, the FTIR of poly-RGO, as shown in the Figure 3A , reveals the reduction of functional groups. The other features of poly-GO, such as vibrational and structural characteristics analyzed by Raman spectra and powder XRD, respectively ( Figure 4B ), are found to be similar to that of GO. The decrease in the ratio of the intensities of G and D (I G /I D ) in the Raman spectrum of poly-RGO is an indication of the reduction of GO, as noted by many other researchers in previous reports. 35 Further, from the XRD pattern of poly-GOs, the prominent (002) peak at ∼10°indicates that the interplanar distance is still more than 6 Å, like pristine GO powders, even after the chemical treatments.
The bulk electrical conductivities of RGO powder and poly-RGO (tightly packed pellets) were evaluated using the four-probe method, which revealed conductivities of 1.63 Â 10 À3 and 3.4 S/m, respectively (Figures S8 and S9, Supporting Information). The reduction was carried out in a controlled fashion in the presence of hydrazine monohydrate reducing atmosphere created in a vacuum oven kept at 50°C under a rotary vacuum for 12 h. This process enables the reduction of poly-GO successfully into poly-RGO as mentioned in Figures 3  and 4 . Both GO powder and poly-GO were reduced under the same conditions. The conductivity value and the nature of the IÀV curve of RGO powder show that complete reduction has not happened in this case. However, in the case of poly-RGO, the IÀV curve shows conductive behavior ( Figure S7B ) and the conductivity value is 3 orders higher than that of RGO powder. Moreover, this conductivity lies in the range of reported conductivity values of RGO. 31 The porous nature of poly-GO has helped for the successful penetration of hydrazine vapor into the material and will help to enhance the extent of reduction. Moreover, the connectivity of individual RGO flakes in poly-RGO will also contribute to the enhanced conductivity of poly-RGO. CO 2 Adsorption Measurements. CO 2 adsorption and desorption isotherms were obtained at three different temperatures (0, 25, and 50°C) up to 20 atm pressure ( Figure 5A,B) . The sample has been activated by heating at 60°C under high vacuum for 2 h. For the gas adsorption measurements on low density materials, it is extremely important to maintain the experimental conditions and use correct density values in order to obtain accurate uptake capacity. Extreme care has been taken in our measurements, by choosing the correct skeletal density (0.8 g/cm 3 ) of poly-GO, measured by helium pycnometry, to determine the amount of CO 2 adsorbed on the sample under isothermal conditions. Various precautions were taken to maintain the sample temperature constant during the entire process of adsorption and desorption cycles. Kinetics measurements were also performed on the sample at 22 atm pressure ( Figure S10 , Supporting Information). The freeze-dried poly-GO sample showed good uptake of CO 2 with high adsorption capacities compared to many other carbon-based materials. 32 At room temperature, poly-GO showed improved adsorption capacities (2.7 mmol/g at a pressure of 20 atm). The isotherms exhibit almost saturation behavior, similar to most of the carbon-based physisorption materials. The micro-and mesopores present in the 3D network seem to act efficiently as active sites for CO 2 adsorption. The obtained results show that several of the macropores do not really contribute to the adsorption capacities. In general, the higher the BET surface area, the higher the adsorption capacity. The isotherms follow a saturation behavior. Desorption measurements reveal good reversibility of CO 2 uptake. Desorption isotherms at different temperatures show similar behavior and are given in Supporting Information ( Figure S10) . The cross-linked 3D network of poly-GO results in maximizing the interaction potential between the CO 2 molecules and the GO surface. 
ARTICLE
Based on these observations, the mechanism of CO 2 absorption in poly-GO scaffolds is explained as follows: major contribution to the observed CO 2 adsorption capacity comes from the porous morphology, through van der Waals type weak interaction between the poly-GO network and CO 2 gas molecules. Good reversibility observed in the desorption measurements also indicates the role of weak van der Waals force involved in the sorption mechanism. Most of the macropores present in the material do not really contribute to the observed adsorption capacity. Apart from this, there could be a slight contribution to the CO 2 uptake from the chemical interaction between CO 2 molecules and the carbonyl functional groups present in the poly-GO sample. There are early reports on the formation and stability of complexes formed by the reaction between CO 2 and carbonyl compounds.
33,34

CONCLUSION
To conclude, we have demonstrated the design and fabrication of poly-GO and its functional variations (e.g., poly-FGO and poly-RGO), a completely crosslinked 3D network of GO, by polymerization using glutaraldehyde and resorcinol. Such macroscopic structures are found to keep their structural integrity up to 100°C and can be easily tailored for different morphologies. The poly-GO sample exhibited good adsorption capacity for CO 2 storage, which is comparable (in some cases even exceeding) to other carbonbased nanoporous materials reported. Moreover, there are several advantages for carbon-based physical adsorbents over reported nanoporous materials like metalÀ organic frameworks (MOFs) and zeolites. Carbon-based nanoporous materials enable high amenability to pore structure modification and surface functionalization, relative ease of regeneration (e.g., often very high regeneration temperatures are required for zeolites ; a widely reported CO 2 sorbent), etc., which are some of the important properties for good adsorbents. In addition, the 3D networked poly-GO sample reported in the present work is quite stable after several adsorption and desorption cycles, which is clearly an important advantage over many of the MOFs. Environmental benignity and low cost are some other important factors which make our material superior to MOFs and zeolites. These aerosol-like completely cross-linked 3D networks of macroscopic structures obtained by integrating 2D graphene oxide sheets can perhaps find use in high-performance systems for energy, environmental, and catalysis applications to name a few.
METHODS
Synthesis of GO. Graphene oxide was synthesized via an improved method. 35 For this, a 9:1 mixture of concentrated H 2 SO 4 /H 3 PO 4 (360:40 mL) was added to a mixture of graphite flakes (3.0 g, 1 wt equiv) and KMnO 4 (18.0 g, 6 wt equiv). The reactants were then heated to 50°C and stirred for 12 h. The reaction was cooled to room temperature and poured onto ice with 30% H 2 O 2 (3 mL). The material was then washed in succession with 200 mL of water, 200 mL of 30% HCl, and 200 mL of ethanol (2 times). The material remaining after this multiple-wash process was coagulated with 200 mL of ether, and the resulting suspension was filtered over a PTFE membrane with a 0.22 μm pore size. Fluorinated GO (FGO) has also been prepared using a similar method taking fluorinated graphite as the starting material.
Synthesis of Poly-GO. Dry GO was dispersed in deionized water (5 mg/mL) and treated with resorcinol (11 mM), borax (0.06 mM), and glutaraldehyde solution (22 mM). The resulting viscous fluid-like material and the solution were sonicated for 3 h. The material was then freeze-dried using a lyophilizer for 24 h, resulting in the formation of poly-GO sample ( Figure S1C) . Similarly, the poly-FGO was made by taking chemically treated FGO as the starting material.
CO 2 Adsorption Measurements. High pressure CO 2 adsorptionÀ desorption isotherms were collected on a pressure composition isotherm (PCI) measurement system (Advanced Materials Corporation, USA) for pressures up to 20 atm over a temperature range of 0 to 50°C. The instrument is designed on the basis of a conventional Sieverts apparatus (Supporting Information, Figure S11 ). Extreme care has been taken in recording the isotherms by employing a third-order virial expansion equation of the Ideal gas law in calculating the amount of gas adsorbed from its pressure, temperature, and the occupied volume. Accurate calibration of the instrument was made before the adsorption measurements. Prior to the adsorption measurements, ARTICLE the well grinded sample (approximately 200 mg) was degassed at 60°C under high vacuum (∼10 À6 bar) for 2 h. This removes the adsorbed gas molecules, impurities, etc. from the sample surface and makes the surface active for CO 2 adsorption. TGA was performed to get the suitable initial activation temperature. Desorption and kinetics studies were also performed on the sample at different temperatures.
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